Introduction
Histone deacetylase (HDAC) inhibitors are a new class of anticancer agents, being evaluated for the treatment of a variety of malignancies, including acute myeloid leukemia (AML) [1] . These epigenetic drugs mediate anticancer effects by promoting histone acetylation, creating a more open chromatin configuration and therefore activating genes associated with cell cycle arrest and tumor suppression. However, the use of HDAC inhibitors is limited by progressive constitutional symptoms observed in many patients.
Belinostat (PXD101) is a novel low-molecular-weight hydroxamic acid HDAC inhibitor that exerts anticancer activity by inhibiting cell proliferation and inducing apoptosis in human tumor cell lines in vitro [2] [3] [4] . In vivo it inhibits the growth of human tumor xenografts with no apparent toxicity to the mice [2, 5, 6] and may represent a novel antitumor agent for clinical investigations. Currently, belinostat is under treatment evaluation in a number of phase I/II clinical trials in hematological malignancies and solid tumors [3, 7, 8] . The drug was well tolerated, with low toxicity to patients when used as a single agent or in combination with other active anticancer drugs. This includes carboplatin and paclitaxel, in a phase II study, in ovarian cancer or with proteosome inhibitor bortezomib in chronic lymphocytic leukemia or with 5-fluorouracil in colon cancer [9, 10] . Belinostat exerted a dose-dependent antiproliferative effect on primary AML cells derived from a large group of consecutive patients with similar divergence observed in the presence of retinoic acid (RA), decitabine, or theophylline [11] . However, further investigation of belinostat is required to achieve effects in differentiation therapy, which is presently a main strategy for the treatment of acute promyelocytic leukemia (APL) using pharmacological doses of RA [12, 13] . The APL leukemogenic fusion protein PML/RARa, generated by chromosomal translocation t (15;17) , was found to repress the transcription of RA-responsive genes by recruiting many HDAC molecules, consequently promoting the development of leukemia [14] . RA binds to the fusion protein with a loss of HDAC activity and thus induces reinitiation of differentiation [15] , with resultant effects on chromatin remodeling and activation of target genes. Furthermore, genetic events (DNA mutation, amplification, chromosomal rearrangement) and an epigenetic environment (DNA methylation, aberrant histone modifications) are important aspects in the development and maintenance of leukemia [16] . Notwithstanding the important anticancer effects of HDAC inhibitors, the mechanisms underlying their activities remain to be fully defined. It was established that hydroxamate HDAC inhibitors, such as LBH589 and LAQ824, target epigenetic mechanisms to reactivate repressed genes and exert antileukemia activity against human AML [17, 18] . The clinical use of HDAC inhibitors in future AML therapy depends on improved characterization of the biological effects and epigenetic alterations, which may serve as biomarkers for predicting therapeutic efficacy.
In this study, we extended the investigations using belinostat for APL cell lines, NB4 and HL-60. Belinostat showed dose-dependent antiproliferative and proapoptotic activity and was effective at nontoxic concentrations in the acceleration and enhancement of RA-induced differentiation with some selectivity for both cell lines. This occurred with the changes in the expression of cell cycle-associated, apoptosis-associated, and differentiation-associated genes and modification status of histones H4 and H3. In summary, this study supports the potential of belinostat as a candidate for targeted therapeutical approaches in APL.
Materials and methods

Cells and culture conditions
The human promyelocytic leukemia NB4 and HL-60 cells (German Collection of Microorganisms and Cultures GmbH, Braunschweig, Germany) were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco, Grand Island, New York, USA) at 371C in a humidified 5% CO 2 atmosphere. Cells were negative for mycoplasma infection using the MycoProbe detection kit (R&D Systems Europe Ltd, Minneapolis, Minnesota, USA). In each experiment, logarithmically growing cells were seeded at 5 Â 10 5 cells/ml in 5 ml of medium. The stock solutions of belinostat (Selleck Chemicals LLC, Houston, Texas, USA) of 10 and 2.5 mmol/l in dimethyl sulfoxide and RA (Sigma, St Louis, Missouri, USA) of 2 mmol/l in ethanol were prepared and stored at -201C and added directly to cell culture at a final concentration. In all experiments, the final concentration of dimethyl sulfoxide and ethanol (vehicle) did not exceed 0.05% and did not influence the results. In pretreatment experiments, cells were exposed to belinostat for 3 or 6 h, following which the drug was washed out, cells were resuspended in fresh media, and incubated with the differentiation inducer 1 mmol/l RA. Treated cells were cultured and harvested at the time-points indicated.
Cell proliferation, differentiation, and viability assays Cell proliferation was evaluated using the trypan blue exclusion test. Viable and dead (blue colored) cell count was determined using a hemocytometer. The growth inhibition was calculated as follows:
, where C 0 , C x , T 0 , and T x represent the total number of cells/ml in untreated (C) and treated (T) cultures at days 0 and x (1 or 2), respectively. The degree of differentiation was evaluated by the ability of cells to reduce nitro blue tetrazolium (NBT) (Sigma) to insoluble blue-black formazan after stimulation with phorbol myristate acetate (Sigma). For statistical analysis, Student's t-test was used to determine the significance of differences between groups for paired samples, and significance was set at *P value of 0.05 or less, **P value of 0.001 or less, and ***P value of 0.0001 or less.
Flow cytometric analysis for the determination of cell cycle distribution, apoptosis, and CD11b surface biomarker
Control and treated cells were harvested, washed twice with PBS, and fixed in 70% ethanol overnight at -201C. Fixed cells were washed twice with PBS and stained in PBS containing propidium iodide (PI) (50 mg/ml) and RNAse (0.2 mg/ml) for 30 min at 371C. Cell cycle analysis was carried out on a flow cytometer BD FACSCanto II (Becton and Dickinson, San Jose, California, USA) using BD FACSDiva software. Early and late apoptosis were analyzed using a flow cytometer after dual staining with FITC-labeled Annexin-V and PI (ApoFlowEx FITC Kit; Exbio, Prague, Czech Republic) in accordance with the manufacturer's instruction. For the determination of CD11b, control and treated HL-60 cells were washed twice in PBS and exposed to phycoerythrin-labeled antiCD11b antibody (Dako Cytomation A/S, Copenhagen, Denmark) for 30 min at 41C in the absence of light. After washing twice with PBS, cells were fixed in PBS containing 2% paraformaldehyde for 30 min on ice, then resuspended in PBS, and analyzed by a flow cytometer. Proliferating cells were used as a control. Negative control was performed using an isotype-specific mouse phycoerythrin-conjugated IgG1 (Santa Cruz Biotechnology Inc., Heidelberg, Germany).
Cell lysis and preparation of proteins Cells (5 Â 10 6 to 10 7 ) were harvested by centrifugation (500g, 6 min), washed twice in ice-cold PBS, and resuspended in 10 volumes of lysis solution (62.5 mmol/l Tris, pH 6.8, 100 mmol/l DTT, and 2% SDS, 10% glycerol). Benzonase (pure grade; Merck, Darmstadt, Germany) was added to yield a final concentration 2.5 U/ml. The lysates were prepared by homogenization through needle no. 21 on ice and then centrifuged at 20 000g for 10 min, 41C. The supernatants were immediately subjected to electrophoresis or frozen at -761C. Protein concentrations were measured using a commercial RCDC Protein Assay (Bio Rad, Hercules, California, USA). For the preparation of histones, nuclei from control and treated cells were suspended in five volumes of 0.4 N H 2 SO 4 by stirring and incubated overnight at 01C. The supernatant was collected by centrifugation at 15 000g for 10 min, 41C, and the sediment was extracted once again. After centrifugation, both extracts were combined and histones were precipitated by adding five volumes of ethanol at -201C overnight. The precipitated histones were collected by centrifugation, washed four times with ethanol, and stored at -201C until analysis.
Gel electrophoresis and western blot analysis
Proteins were run on a 7-15% polyacrylamide gradient SDS-PAGE gel using Tris-glycine buffer. After protein transfer to a PVDF membrane (Immobilon P; Millipore, Billerica, Massachusetts, USA), the membrane was blocked with PBS containing 5% BSA and 0.18% Tween-20, washed in PBS-Tween-20, and probed with the primary antibody in accordance with the manufacturer's instructions. The membrane was subsequently washed four times with PBS-Tween-20 and then incubated with horseradish peroxidase (HRP)-linked secondary antibody for 1 h at room temperature. Immunoreactive bands were detected by enhanced chemiluminescence (GE Healthcare Amersham, Buckinghamshire, UK).
Histones (5 mg) were dissolved in a buffer containing 0.9 mol/l acetic acid, 10% glycerol, 6.25 mol/l urea, and 5% b-mercaptoethanol, and separated on a 15% polyacrylamide gel containing 6 mol/l urea and 0.9 mol/l acetic acid [acid-urea (AU) gel] using 0.9 mol/l acetic acid as a buffer. Histone H3 was detected in AU gel additionally containing 4.2 mmol/l Triton X-100 and 0.9 mol/l acetic acid [triton-acid-urea (TAU) gel]. After electrophoresis, gels were stained with Brilliant Blue G-colloidal (Sigma) or blots were probed with the primary antibody against acetylated histones and secondary antibody as otherwise indicated. Immunoreactive bands were detected by enhanced chemiluminescence in accordance with the manufacturer's instructions. The nonacetylated histone H1 band served as a control of histone extraction and protein loading.
Antibodies
For western blotting, the following antibodies were used: monoclonal anti-GAPDH (ab8245) and anti-PCAF (#12188) (Abcam, Cambridge, UK), polyclonal anti-EZH2 (#4905), anti-SUZ12 (#3737), anti-HDAC-1 (#6062), anti-HDAC-2 (# 9928) (Cell Signalling, Danvers, Massachusetts, USA), monoclonal anti-survivin (#sc-37616), polyclonal anti-p27 (#sc-527), anti-PARP-1 (#sc-8007) (Santa Cruz Biotechnology Inc.), and anti-ac H4K16 (#07-329) (Upstate Biotechnology Inc., Lake Placid, New York, USA). Polyclonal anti-me3 H3K27 (#07-449), anti-ac H3K9 (#07-352), monoclonal anticyclin E1 (#04-222), and anti-caspase 3 (#06-735) antibodies were from Millipore. Monoclonal anti-CD11b, C3bi receptor/RPE (# R 0841), and goat anti-rabbit (or anti-mouse) HRP-linked secondary antibodies were from Dako Cytomation A/S.
Quantitative real-time PCR Total RNA was extracted by TRIzol (Invitrogen, Life Technologies, Carlsbad, California, USA) according to the manufacturer's instructions, and then reverse transcribed into cDNA using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Vilnius, Lithuania). Quantitative real-time PCR (Q-PCR) was performed with Maxima SYBR Green qPCR Master Mix (Thermo Scientific) on the RotorGene 6000 system (Corbett Life Science, Sydney, Australia). The primers (5 0 -3 0 orientation) used were as follows: for CCAAT/enhancer binding protein-a (C/EBPa), forward (F) -GCTCGCCATGCCGGGAGAACT, reverse (R) -TGCAG GTGGCTGCTCATCG; for C/EBPE, F -CAGCCGAGGC AGCTACAATC, R -AGCCGGTACTCAAGGCTATCT; for HDAC-1, F -CAAGCTCCACATCAGTCCTTC, R -TGC GGCAGCATTCTAAGGTT; for HDAC-2, F -AGTCAAGG AGGCGGCAAAA, R -TGCGGCAGCATTCTAAGGTT; for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), F -GGAAGTCAGTTCAGACTCCAGC, R -AGGCCTTTT GACTGTAATCACACC (as an internal control). The amount of mRNA was normalized to GAPDH. The relative gene expression was calculated using a comparative threshold cycle DDC t method.
Results
Belinostat inhibits proliferation and induces NB4 and HL-60 cell apoptosis in a dose-dependent manner
The antiproliferative effect of belinostat, using different doses (0.2-0.5-1 mmol/l), was evaluated during 4 days of treatment. Belinostat inhibited NB4 and HL-60 cell proliferation in a dose-dependent and time-dependent manner, with the most potent effect occurring in NB4 cells (Fig. 1a) . After 24 h of treatment, the drug at a dose of 0.5 mmol/l inhibited HL-60 cell proliferation more rapidly with a delay in NB4 cells. Growth inhibition of both cell lines increased up to 90% in the presence of 1 mmol/l belinostat for 24 or 48 h (Fig. 1b) .
Because of profound effects on cell growth and viability, we studied the influence of belinostat on cell cycle progression. Flow cytometric analysis of DNA content after NB4 and HL-60 cell treatment with belinostat for 24 h indicated dose-dependent changes (Fig. 1c) . Low doses (0.2-0.5 mmol/ l) of belinostat resulted in a G0/G1-phase increase (by 8-12%), with a concomitant decrease in the S-phase. Higher concentrations (1-2 mmol/l) caused significant cell accumulation in the S-phase (to 56-63%) and decrease in both the G0/G1 and the G2/M-phase (to 12-16%), which was remarkable (9-3%) during a longer incubation time for 48 h (data not shown), indicating that the cells arrested in the S-phase transition.
The cytotoxicity of belinostat was also dose dependent, where 0.2 mmol/l of the drug exerted minimal effect in both cell lines (Fig. 2a) . Intermediate concentration (0.5 mmol/l) induced greater loss of cell viability, as shown by the increased percentage of dead cells with uptake of trypan blue. The highest number of dead cells in both cell lines was observed in the presence of 1 mmol/l of the drug starting from day 2. NB4 and HL-60 cell exposure to belinostat dose dependently induced apoptosis as was determined by augmentation of apoptotic cell population in the subG1-phase, with a higher apoptosis-inducing effect at a dose of 1 mmol/l (Fig. 2b) . Flow cytometric analysis, using two-color staining with Annexin-V-FITC and PI, showed a dose-dependent increase in a proportion of early apoptotic cells after a 24-h treatment with belinostat as compared with the control and in parallel with the augmentation of the subG1 peak (Fig. 2c) . After cell incubation with higher concentrations of belinostat (1 and 2 mmol/l), the proportion of early (Annexin-V-FITC stained) apoptotic cells dose dependently increased (to 40.7 and 44.8% in NB4 and HL-60 cells, respectively, as compared with 5% in control) at 48 h of treatment ( Fig. 2d) . Similarly, we found a dose-dependent increase in NB4 and HL-60 cell death, with a maximum detected after 72-96 h (Fig. 2a) . Data obtained indicated that belinostat induced post-G1 arrest apoptosis in AML cells.
Belinostat treatments with retinoic acid accelerate and enhance NB4 and HL-60 cell differentiation to granulocytes
For differentiation experiments, HL-60 cells were treated with a pharmacological dose of RA (1 mmol/l) [12] and belinostat added in a continuous or a temporal manner. Belinostat itself did not induce HL-60 and NB4 cell differentiation as was determined by the NBT assay and the expression of an early differentiation marker CD11b (data not shown). The time course of differentiation of HL-60 and NB4 cells subjected to cotreatment with RA 4 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 120 Results are mean±SD (n = 3); *P r 0.05, **P r 0.001, and ***P r 0.0001 indicate significant differences from untreated samples.
Antileukemic effects of belinostat Savickiene et al. 941 and belinostat at a concentration of 0.2 mmol/l showed greater differentiation toward granulocytes in comparison with treatment by RA alone (Fig. 3a) . The extent of differentiation by combined treatment for 24-48 h was 1.5-1.8-fold higher than in RA-treated cells, with the most prominent acceleration in HL-60 cells (Fig. 3b) . As compared with treatment by either agent alone, cotreatment with RA and belinostat decreased NB4 and HL-60 cell growth (data not shown) in parallel with increased cell arrest at the G0/G1-phase (Fig. 3c) . Flow cytometric analysis after 48 h of combined treatment clearly indicated high expression of an early granulocytic marker CD11b (77.4 and 59.3% in HL-60 and NB4 cells, respectively; Fig. 3d ).
Next, we determined the effect of belinostat alone and together with RA on the expression of transcription factors, C/EBPa and C/EBPE, involved in cell cycle progression and granulocytic differentiation [19, 20] . Q-PCR analysis (Fig. 3e) showed that 0.2 mmol/l belinostat induced C/EBPa mRNA expression only in NB4 cells at 24-48 h of treatment with the decrease at 72 h. RA alone or together with belinostat significantly downregulated C/EBPa mRNA expression in both cell lines. Belinostat exerted a low effect on the expression of C/EBPE mRNA, which was strongly upregulated (to about 10-fold) at 24 h after NB4 and HL-60 cell treatment by RA alone or together with belinostat. C/EBPE expression gradually increased during 24-48 h and was maximal (15-25-fold increase) at 72 h when cells became differentiated. However, the concomitant treatment induced lower C/EBPE expression than the exposure to RA alone in NB4 cells with the adverse effect in HL-60 cells. Taken together, the process of cell differentiation toward granulocytes was accompanied timely by the changes in the expression of differentiation-related transcription factors, C/EBPa and C/EBPE, in a cell type-dependent manner.
During the experiments, using sequential treatments, increasing concentrations (1-2-3 mmol/l) of belinostat were applied 3 h before the induction of differentiation by RA. Short exposure to the drug for 3 h induced a dose-dependent increase in the extent of differentiation, with remarkable acceleration during the first 2 days of treatment by RA, but finally the level of differentiation was comparable with the RA-treated cells (Fig. 4a) . The extension of pretreatment time to 6 h using 2 mmol/l belinostat led to higher differentiation levels at the same time-points, with the enhancement observed at 72-96 h as compared with 3-h pretreatment (Fig. 4b) . Acceleration and enhancement in granulocytic differentiation was more pronounced in HL-60 cells. Flow cytometric analysis carried out at 24 h showed an increased proportion (about 2-2.5-fold) of CD11b-expressing cells in the population of both HL-60 and NB4 cells pretreated with 1 mmol/l belinostat for 3 or 6 h (Fig. 4c) . The results obtained clearly show that belinostat reinforces RAinduced granulocytic differentiation. 24 h * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Results are mean±SD (n = 3); *P r 0.05, **P r 0.001, and ***P r 0.0001 indicate significant differences from untreated samples.
Antileukemic effects of belinostat Savickiene et al. 943
Belinostat induces a dose-dependent and timedependent acetylation of histone H3 and H4
To test the mechanisms by which belinostat act to alter chromatin structure, two histone modifications, representing the active chromatin state and leading to opening of the chromatin structure, were investigated. That is acetylation of histone H4 and histone H3 at K9. HL-60 and NB4 cells were treated with different doses of belinostat as a single agent. Histones were examined on AU or TAU gels that led to resolution of the distinct acetyl isoforms of histones after staining with Brilliant Blue G-colloidal. As shown in Fig. 5a -c, HL-60 and NB4 cells treated with 0.5-2 mmol/l of belinostat for a short time (1-3-6 h) included highly acetylated histone H4 isoforms up to tetra-acetylated. A concentration-dependent and time-dependent increase in the levels of acetylated histone H4 and H3 in both cell lines was observed after treatments with lower (0.4-0.8 mmol/l) and higher (1-2 mmol/l) doses of belinostat. H4 hyperacetylation was more remarkable after 3 h of treatment with all doses of belinostat in both cell lines, but tri-acetylated and tetra-acetylated forms appeared earlier (at 1 h) in HL-60 cells. In NB4 cells, hyperacetylation of histone H4 was maintained for 3-6 h, but reduced after the drug exposure for 24 h (Fig. 5d ). This was also characteristic for HL-60 cells (data not shown). For a more detailed analysis of histone H3 modifications, histones were fractionated on TAU gel and stained (Fig. 5e) , which led to resolution of histone H3 from histones H2A and H2B. The positions of H3 variants (H3.1, H3.2, and H3.3) were detected, using antibodies against the total histone H3 (data not shown), and immunoblot analysis was carried out for histone H3 acetylated at K9 (Fig. 5d) . As was observed after a 1-h treatment of NB4 cells with 1-3 mmol/l of belinostat, histone H3K9 acetylation (including H3.1, H3.2, and H3.3 variants) increased at 1 h of treatment and was time and a dose dependent, with a more marked effect at 6 h (Fig. 5f ). Similar effects on acetylation of histone H4 and H3K9 were observed in HL-60 cells (data not shown). Thus, belinostat induced lysine hyperacetylation of both histones H3 and H4, with some timerelated differences between both cell lines.
Belinostat effects on the expression of cell growth and apoptosis-related proteins
To investigate the mechanism of belinostat-induced cell death, the implication of caspase-driven apoptotic events was evaluated by examining apoptosis-associated proteins by western blot analysis using the total cell lysate of belinostat-treated cells for 24 and 48 h (Fig. 6a) .
Along with the augmentation of NB4 cell death, the activation of caspase 3 was observed in a concentrationdependent and time-dependent manner. Moreover, the cleavage of procaspase 3 to active caspase 3 was confirmed by PARP-1 cleavage, which was prominent at a dose of 2 mmol/l. PARP-1 precursor protein was no longer detected at a dose of 3 mmol/l at any time of treatment in parallel with a significant reduction in cyclin A2 and p27 levels. Because belinostat at a dose of 1 or 2 mmol/l caused NB4 cell arrest at the S-phase (Fig. 1c) , we did not find changes in the expression of both p27 (involved in the G1-phase) and cyclin A2 (involved in the G2/M-phase) during 24 h of treatment with 1 or 2 mmol/l of belinostat.
As shown in Fig. 6b , the expression of antiapoptotic protein survivin decreased only in cells, treated with 0.2 mmol/l belinostat, but increased drastically in a dosedependent manner in both cell lines. Similarly, belinostat induced the expression of G1 cell cycle regulators, p27 and cyclin E1, when used at low doses (0.2-0.5 mmol/l) for 24 h and caused a gradual decrease in both at cytotoxic doses (1-2 mmol/l) with the onset of growth inhibition and cell cycle arrest in both HL-60 and NB4 cells. As noted above, HL-60 cells were more sensitive and responded earlier to belinostat treatments.
Belinostat dose dependently depletes histone deacetylases, EZH2, and SUZ12, and causes histone H4 and H3 modifications
We next determined the effects of belinostat, as an HDAC inhibitor, on HDAC-1 and HDAC-2 gene expression by Q-PCR and protein expression by western blot analysis. Treatment of NB4 cells with high concentrations (1-2 mmol/l) of belinostat for 24 h dose dependently reduced both HDAC-1 and HDAC-2 protein expression, with depletion of both at a dose of 3 mmol/l similar to prolonged treatment for 48 h with 2 and 3 mmol/l of the drug (Fig. 6a) . The reduction in HDAC-2 mRNA expression was observed after 6 and 24 h, whereas at the protein level, it occurred at 24 h of treatment with 2 mmol/l belinostat in NB4 and HL-60 cells (Fig. 6c and  d) . Treatment with 0.5 or 2 mmol/l of belinostat for 6 h was not sufficient to reduce HDAC-1 protein in both cell lines, whereas an apparent decrease was observed within 24 h preferentially in HL-60 cells (Fig. 6d) . HDAC-1 mRNA levels did not change in response to 2 mmol/l of belinostat in HL-60 cells at 6 or 24 h and even increased in NB4 cells at 24 h compared with the untreated control at this time-point (Fig. 6c) .
Next, we determined the effect of belinostat on histone modifications, responsible for the active chromatin state. PCAF (p300/CBP-associated factor), a broad-action histone acetyltransferase, participates in acetylation of histones, nonhistone proteins, many components of coactivators, and other transcription activating proteins, and also in the regulation of cell cycle progression and apoptosis [21] . In our study, the decrease in the expression of PCAF protein was dose dependent and prominent at cytotoxic concentrations (Fig. 6b ) concomitant with the induction of apoptosis. In HL-60 cells, acetylation of histone H4K16, which is related to transcriptional activation, decompactization of chromatin, and maintenance of a euchromatin state [22] were induced by all doses of belinostat at 24 h with the retardation in NB4 cells.
As HDACs are associated with the activity of the core polycomb repressive complex 2 (PRC2) components -SUZ12 (suppressor of zeste 12) and the catalytic subunit EZH2 (PcG enhancer of zeste homolog H2) [23, 24] -we analyzed its expression in HL-60 and NB4 cells treated with increasing doses (0.2-2 mmol/l) of the drug for 24 h. Belinostat depleted EZH2 and SUZ12 in a dose-dependent manner in both cell lines, but a depletion was more pronounced at higher doses (up to 1 mmol/l) (Fig. 6b) . Unexpectedly, the depletion of both components was not associated with the repressive histone epigenetic mark, trimethylated H3K27. Belinostat treatment somehow led to a dose-dependent increase in this mark in both cell lines that could occur during mitotic catastrophe, caused by high doses of belinostat or the modulation of the cell cycle regulatory or survival inhibiting genes, leading to a nonactive state of chromatin in dying cells and the reverse methylation of H3K27 and DNA [25] . These molecular and epigenetic perturbations may help to find the predictive markers of the drug activity in AML.
Discussion
The precise mechanisms of belinostat action against AML remained unclear, and we extended further investigations at molecular and epigenetic levels in two different cell lines. NB4 cells are a typical promyelocytic cell line with chromosomal translocation t(15;17), bearing PML/RARa fusion protein and functional p53, whereas HL-60 cells, where PML/RARa and p53 do not exist, are stopped at a less mature stage of myeloid differentiation [26, 27] . Here, we found that belinostat, when used in a broad range of concentrations (0.2-3 mmol/l), dose dependently inhibited proliferation and induced apoptosis in both cell lines (Figs 1 and 2) . A previous study [11] reported similar dose-dependent effects of structurally unrelated HDAC inhibitors, including belinostat, on primary human AML cells derived from patients. However, high doses of drugs were antiproliferative and proapoptotic, whereas unaltered or even increased proliferation was observed at low or intermediate doses (including 5-80 nmol/l of belinostat) for a subset of patients [11] . We found that the toxicity of high doses of belinostat (1-3 mmol/l) was linked to cell accumulation in the S-phase and its absence in the G2/M-phase checkpoint. This may lead to apoptosis because of belinostat-induced high histone acetylation, which impairs chromosomal condensation during mitosis [25] . As is known, aberrant mitotic entry before the completion of DNA replication, when G2 arrest is abolished, can result in mitotic catastrophe, which is accompanied by mitochondrial release of proapoptotic proteins, caspase activation, and DNA degradation [25] . In our study, the effectiveness of belinostat in cell killing was accompanied by a dose-dependent activation of caspase 3 and PARP-1 cleavage, characteristic for the intrinsic apoptotic pathway (Fig. 6a) . The causal effect between cell cycle arrest and apoptosis was also associated with changes in the level of p27 and cyclin E1, the G1-phase regulators, and cyclin A2, which control the G2/M transition. Survivin, which is frequently highly expressed in leukemia cells, has a partially cell cycle-dependent subcellular distribution and actually contributes toward the mitotic spindle checkpoint [25] . In accordance with this notion, we found high accumulation of survivin in belinostat-treated cells after failure to entry into the G2/M-phase (Fig. 6b) .
A dose-dependent induction of apoptosis paralleled a decrease in the expression of histone acetyltransferase PCAF and polycomb proteins, EZH2 and SUZ12, in both cell lines at 24 h of belinostat treatment (Fig. 6b) . Our results were found to be consistent with previous studies reporting that treatment with hydroxamate HDAC inhibitors (LBH589, LAQ824) leads to disruption of the PRC2 complex by depletion of EZH2 and downregulation of SUZ12 and EED in the cultured (including HL-60) and primary human AML cells [17] , expressing significant levels of EZH2 protein. This occurred in concert with the depletion of leukemia-associated oncoproteins, growth arrest, and apoptosis and correlated with decreased levels of trimethylated and dimethylated histone H3 at K27 [17, 18] . By contrast, we observed that EZH2 reduction by belinostat was associated with the increase in the H3K27me3 level after treatment with proapoptotic doses of HL-60 and NB4 cells (Fig. 6b) , paralleled by a marked increase in the S-phase and a marked decrease in G1 and G2/M-phase arrest (Fig. 1c) . On the basis of the data of the previous report [28] that the PRC2 complex binds the H3K27me3 mark at sites of DNA replication during incorporation of newly synthesized histones into proliferating cells, we suggest the accumulation of this mark when the majority of cells are arrested in the S-phase by higher doses of belinostat. This occurred with a timely dose-dependent depletion of EZH2 in HL-60 and NB4 cells and is consistent with the finding that EZH2 inhibition may abrogate both G1 and G2/M checkpoints and promote DNA-damaging agent-induced apoptosis in both p53 wild-type and p53-deficient cancer cells [29] .
As is known, EZH2 interacts with HDAC-1 and HDAC-2 and recruits DNA methyltransferases to the PRC2 complex, thereby promoting DNA methylation of silenced genes that have a repressive H3K27me3 mark [23] .
In primary AML cells and cell lines, the distinct patterns of HDACs, including HDAC-1 and HDAC-2, are expressed, and different HDAC inhibitors selectively alter HDACs activity [30] . In our study, belinostat affected HDAC-1 and HDAC-2 at protein and/or mRNA levels in a dose-dependent and cell type-specific manner ( Fig. 6a and c) , and resulted in almost complete disappearance of HDAC-1 and HDAC-2 protein in dying cells (Fig. 6a) . It would appear that the actions of HDAC inhibitors depend on the cell context and differ according to the differential expression profile of HDACs, which, in all probability, determine the sensitivity to various types and dosages of HDAC inhibitors [31] . Specifically, by regulating DNMT-1, EZH2, and HDACs, HDAC inhibitors regulate epigenetic mechanisms of DNA methylation and chromatin modifications.
Our data show that continuous exposure to RA with a low dose of belinostat or temporal pretreatment for 3-6 h with high doses of the drug significantly accelerated/ enhanced RA-induced HL-60 and NB4 cell differentiation that had not been reported before. This occurred in concert with early changes in acetylation of histone H3K9 and hyperacetylation of histone H4 in HL-60 cells with the delayed effect in NB4 cells (Figs 5d and 6b) . Indeed, the acetylation state of lysine residues regulates local and higher order chromatin structure, including acetylation of histone H4K16, which causes chromatin decondensation, the binding of chromatin-associated proteins, and a subsequent increase in transcriptional activity [22] . The findings of our experiments show that the increase of this modification (Fig. 6b ) may be implicated for apoptosis by facilitating chromatin accessibility [32] in concert with several other histone modifications, causing apoptoticrelated chromatin alterations, such as chromatin condensation or internucleosomal DNA fragmentation [33] .
Our findings that belinostat is a potent inducer of RAmediated differentiation towards granulocytes were confirmed by an NBT-reducing assay, expression of cell surface marker CD11b, and changes in the expression of differentiation-related transcription factors, C/EBPa and C/EBPb. In AML, C/EBPa is a tumor suppressor, which interacts with the cyclin-dependent kinases, thereby impending cell cycle progression and blocking the differentiation of granulocytic blasts [19] . In our study, only in NB4 cells, expressing abundant levels of the C/EBPa [34] , belinostat caused an increase in C/EBPa mRNA expression, which decreased in both cell lines at 72 h (Fig. 3e ) in parallel with cell growth inhibition. Belinostat reinforced the RA-mediated differentiation effect, which was accompanied by downregulation of C/EBPa and significant upregulation of C/EBPE at the transcriptional level in both cell lines (Fig. 3e) . As is known, the increase in C/EBPE expression, which is mediated primarily through the RARa and/or the PML/RARa pathway [35] , is associated with induced cell growth arrest, expression of CD11b, and morphological differentiation [20] . Although RA induces granulocytic differentiation in both cell lines, belinostat exerted more rapid effects in HL-60 cell differentiation (Fig. 3b) and histone H4 hyperacetylation (Fig. 5a ). In addition, in HL-60 cells, bearing amplified c-Myc [36] , downregulation of c-Myc by RA or HDAC inhibitors is a critical event for the commitment to granulocytic differentiation [37, 38] . Moreover, this occurs in association with the downregulation of cyclin E1 and upregulation of p27 [38] . Importantly, the delayed differentiation effect in NB4 cells by belinostat is consistent with our previous reports, using different HDAC inhibitors, such as sodium butyrate, FK228, and BML-210 [39] [40] [41] . Taken together, our findings indicate that belinostat induces multiple perturbations in promyelocytic leukemia cell survival, cell cycle regulatory, and differentiation mechanisms in concert with the changes in the epigenetic environment. These mechanistic insights support the rationale for a therapeutic differentiation strategy in APL that target the epigenetic regulation.
